Helicobacter pylori infection is the major risk factor for gastric adenocarcinoma. The link with gastric adenocarcinoma is partly due to the H. pylori CagA oncoprotein. CagA is responsible for a particular cell phenotype in vitro, the 'hummingbird' phenotype, that corresponds to an elongation of the cells, mimicking an epithelial-mesenchymal transition (EMT). EMT participates in the carcinogenesis process, and is involved in the generation of cancer stem cells (CSCs). However, its involvement in gastric carcinogenesis has yet not been studied. Therefore, the aim of this study was to determine the role of H. pylori in EMT and in the emergence of gastric CSCs. For this purpose, gastric epithelial cells were cocultured with a cagA-positive H. pylori strain or its isogenic-deleted mutants or were transfected with CagA expression vectors. Study of the expression of epithelial and mesenchymal markers showed that H. pylori, via CagA, is responsible for an EMT phenotype associated with an increase in mesenchymal markers as well as CD44 expression, a known gastric CSC marker. Moreover, infection led to an increased ability to migrate, to invade and to form tumorspheres. Cell sorting experiments showed that only the CD44 high cells induced by H. pylori infection displayed the mesenchymal phenotype and CSC properties in vitro, and had higher tumorigenic properties than CD44 low cells in xenografted mice. Immunohistochemistry analyses on human and mouse gastric mucosa tissue samples confirmed a high expression of CD44 and mesenchymal markers in H. pylori-infected cases, and in gastric dysplasia and carcinoma. All of these data suggest that H. pylori, via CagA, unveils CSC-like properties by induction of EMT-like changes in gastric epithelial cells.
INTRODUCTION
Gastric adenocarcinoma remains the second cause of cancerrelated mortality worldwide. H. pylori infection has a crucial role in this carcinogenesis process, and this bacterium has been classified as a class 1 carcinogen by the WHO. 1 Approximately 1% of infected persons develop a gastric adenocarcinoma (in Japan, B10% of the infected individuals develop gastric cancers), and in certain parts of the world up to 80% of the population are infected with H. pylori. Thus, it is very important to investigate how the bacteria can lead to gastric adenocarcinoma. Several pathogenic factors of this bacterium are known to be involved in carcinogenesis. Among them, the cag pathogenicity island (cagPAI) is certainly the most important, [2] [3] [4] as strains harboring the cagPAI are more carcinogenic than those that are cagPAI negative. The cagPAI encodes a type 4 secretion system (T4SS) and an oncoprotein named CagA. The T4SS forms a pilus allowing the injection of CagA inside the cell. It permits the interference with intercellular junctions via different pathways and leads to the appearance of a particular cell shape called the 'hummingbird' phenotype. 5, 6 This phenotype is characterized by an extremely elongated shape that is similar to that observed during an epithelial-mesenchymal transition (EMT), as the essential features of EMT are the disruption of intercellular contacts and the enhancement of cell motility. 7 EMT is a developmental process in which epithelial cells acquire the motile, migratory properties of mesenchymal cells. Recent evidence also suggests that cells that undergo EMT acquire stem cell-like properties. 8, 9 In particular, Mani et al. 8 showed that the induction of EMT in immortalized mammary epithelial cells generated a subpopulation of CD44 þ / CD24 À cells with the phenotype and properties of brest cancer stem cells (CSCs) . CSCs correspond to a unique subpopulation of cells within the tumors; these cells possess the ability to initiate tumor growth and sustain tumor self-renewal. In breast, ovarian, pancreatic, prostate and colorectal cancers, CSCs have been described and characterized with different specific cell surface markers, and among these markers, CD44 was always present. [10] [11] [12] [13] [14] [15] [16] [17] Concerning gastric carcinoma, CD44 has also been identified as a marker of gastric CSCs, 18 but the role of H. pylori in the emergence of gastric CSCs has never been explored. Thus, the aim of our study was to investigate the role of H. pylori and its virulence factors in the EMT, and in the emergence of gastric CSCs. were performed and confirmed on MKN-45 and MKN-74 cell lines (Supplementary Figure S1) . To assess the role of bacterial virulence factors, particularly those encoded by the cagPAI (the CagA protein and the T4SS component CagE, which is necessary for T4SS assembly), knock-out mutants of the cagPAI-positive 7.13, 7.13DcagA and 7.13DcagE strains were tested. As expected, the wild-type (WT) 7.13 cagA-positive strain induced morphological changes, characterized by a loss of polygonal shape, a disruption of cell clusters and the appearance of elongated cells with membrane ruffles at the cellular periphery, suggesting a mesenchymal phenotype (Figure 1a, Supplementary Figure S1A) . Quantification of cells harboring a mesenchymal-like phenotype, ranging from approximately 30% in AGS cells to 7% in MKN-45 cells and 8% in MKN-74 cells (Supplementary Figure S1B) , confirmed that cellular elongation and particularly the 'hummingbird' phenotype were dependent on CagA injected by the T4SS (Figure 1a) , as it is significantly higher in response to the WT strain than to 7.13DcagA and 7.13DcagE strains (Figure 1b) .
RESULTS

Infection of gastric epithelial cells with
RT-quantitative PCR (RT-qPCR) analyses of the expression of standard EMT markers upon infection revealed a significant increase in the mesenchymal markers Snail1, Vimentin and ZEB1, along with the stem cell marker CD44, all in a CagAdependent manner (Figure 1c) . A decreased expression of the epithelial markers Cytokeratin 7 (CK7) and Osteopontin (SSP-1) were also observed in a CagA-dependent manner (Figure 1c slightly after H. pylori infection (data not shown, 74% ± 5% in 7.13-infected cells vs 63% ± 8% in uninfected control cells, no significative). Flow cytometry data confirmed CD44 regulation, which depends on both the multiplicity of infection (MOI) of the H. pylori WT strain and the cagPAI integrity ( Figure 1d , Supplementary Figure S1C ). CD24 expression, considered as a CSC marker in some cancer models, 19, 20 was also evaluated but showed no significant variation in AGS cells in response to H. pylori infection (CD24 497% in AGS cells uninfected and infected with H. pylori, see Figure 1d ). This result is in agreement with those of Takaishi et al. 18 who reported that CD24 cannot be considered as a marker of gastric CSC in gastric cancer cell lines.
To identify which cells expressed the different pre-cited markers at a higher rate in response to H. pylori infection, immunofluorescent stainings were performed (Figure 1e) . Cells with the 'hummingbird' phenotype showed a clearly higher expression of CD44, Snail and ZEB1 than the cells without the 'hummingbird' phenotype. Thus, the WT H. pylori strain induced a marked increase in CD44 and the mesenchymal markers Snail and ZEB1 compared with the knock-out strains. CK7 expression was moderately affected, with a mild decrease observed in cells with the 'hummingbird' phenotype induced by the WT H. pylori strain.
Cells infected by CagA-positive H. pylori exhibit CSC properties CSCs express specific markers and are defined by their self-renewal capacity, their ability to generate a new tumor and an increased capacity for migration and invasion. In published studies, many different approaches have been described to identify CSC. 8, 16, 18 Several techniques allow the study of their properties using in vivo models of cancer cell xenografts in mice to follow tumorigenesis or in vitro tumorsphere and migration assays. The tumorsphere assay is one of the most frequently used and consists of the in vitro formation of spheroids under non-adherent culture conditions in defined media after several days. This assay is ideal to identify CSC properties, as it highlights the capacity of cells for self-renewal and ability to form a three-dimensional sphere like a tumor.
The ability of AGS cells to form spheroids was studied in vitro under non-adherent culture conditions. Although AGS cells are cancer cells, under basal conditions, they do not share high tumorigenic properties, as their ability to spontaneously form tumorspheres after 5 days of culture under non-adherent conditions is limited. However, infection with the WT H. (Supplementary Figure S1G) . These results together demonstrate that CD44 high cells induced in response to infection with CagApositive H. pylori display mesenchymal and stem cell markers and properties.
CagA is responsible for H. pylori-induced EMT-like changes and CD44 upregulation In coculture experiments with the H. pylori 7.13 cagA-positive strain, CagA was detected at higher levels in the cytoplasm of cells harboring the 'hummingbird' phenotype than in cells that maintained a polygonal shape, suggesting that the intracellular level of cytosolic CagA is associated with the formation of the 'hummingbird' phenotype ( Figure 4a ). To confirm the role of CagA in the induction of the EMT-like process and the upregulation of CD44 expression, transfection experiments were performed using a plasmid encoding for a hemagglutinin (HA)-tagged WT CagA (pCagA) alone or in combination with a plasmid-encoding green fluorescent protein (pGFP) in AGS cells. Experiments using immunofluorescent staining revealed that transfected cells expressing CagA (HA positive) displayed the 'hummingbird' phenotype, which was associated with a higher expression of CD44, Snail and ZEB1 expression than untransfected cells (HA negative) (Figure 4b ). CagA-induced upregulation of the mesenchymal and stem cell markers was confirmed by RT-qPCR (Figure 4c ). The upregulation of CD44 was also confirmed by flow cytometry on whole cells transfected with pCagA in comparison with control cells (transfected with an empty plasmid), and on GFP-positive cells co-transfected with pCagA in comparison with control pGFP cells (the percentage of pCagA-transfected cells analyzed being higher within the GFP-positive cells than in the whole population) (Figure 4d ).
The expression of epithelial markers remained quite unaffected by CagA expression, with a light downregulation of SSP-1 and CK7 transcripts or protein (Figures 4b and c) . These results combined with those of coculture experiments with WT and mutant H. pylori strains indicate that CagA is mostly responsible for the upregulation of mesenchymal and stem cell markers induced by H. pylori, even though the downregulation of epithelial markers remained more discreet.
H. pylori-induced CD44
high cells with mesenchymal and stem cell features involve mitogen-activated protein kinase signaling Several signaling pathways have been implicated in the signal transduction downstream of the T4SS and particularly CagA. The nuclear factor kB (NF-kB) signaling pathway was described as the major signaling pathway activated in response to the delivery by the T4SS of CagA and the bacterial peptidoglycan, both leading to the proinflammatory response. 6, 21 Concerning CagA, one of the major signaling pathways concerns the mitogen-activated protein kinase (MAPK) family members and particularly extracellular regulated kinases (ERK)1/2, which is involved in cytoskeleton remodeling and polarization disturbance. 22, 23 In order to evaluate the involvement of NF-kB in the induction of CD44 high cells with the 'hummingbird' phenotype by Figure S2B) . However, the upregulation of CD44 induced by H. pylori infection was reduced in p65-siRNA-infected cells compared with NS-siRNA-infected cells, whereas it remained significant compared with the uninfected control. These results suggest that NF-kB may have a minor role in H. pylori-induced upregulation of CD44 expression. In order to evaluate the signaling pathways such as the MAPK pathway, which is well known to regulate morphological changes and cytoskeleton remodeling, coculture experiments were performed in the presence of specific pharmacological inhibitors targeting the MAPK p38, ERK1/2 and c-Jun N-terminal kinase (JNK). Addition of the different pharmacological inhibitors showed no impact on the basal CD44 expression of AGS cells. Inhibition of ERK (inhibitors PD98059 and U0126) and JNK (SP600125) separately induced a significant reduction in H. pylori 7.13-induced CD44 expression, and when used together, abolished the expression, whereas p38 MAPK inhibition (SB203580) did not, on both AGS and MKN-45 cells (Figure 5b and Supplementary Figure S3C ). The inhibition of ERK and JNK was also associated with a significant inhibition of the 'hummingbird' phenotype induced by H. pylori 7.13 and, to a lesser extent, with the inhibition of the capacity to form tumorspheres (Figures 5a-c and Supplementary Figures S3B and  C) . These results suggest that ERK and JNK are involved in H. pylori cagA-positive strains and induced EMT-like changes, CD44 overexpression and the ability to form tumorspheres in vitro.
CD44
high cells and mesenchymal markers related to EMT are detected in H. pylori-infected gastric mucosa and dysplastic lesions in humans and mice To evaluate the in vivo relevance of the H. pylori-induced EMT-like process, the expression of CD44 and mesenchymal markers was investigated by immunohistochemistry on serial tissue sections of tumors and healthy gastric mucosa tissue samples (distant from the tumor site) from patients who underwent a gastrectomy for gastric adenocarcinoma, and on gastric tissue sections of C57BL/6 mice infected with H. pylori and having developed dysplasia, as previously described. 24 Results revealed a significantly higher expression of CD44, ZEB1 and Snail in human cases presenting a gastritis associated with H. pylori infection compared with H. pylori-negative cases (Figure 6a, Supplementary Table S2 ). In addition, these markers were also overexpressed in dysplastic lesions of H. pylori-infected mice and in human gastric adenocarcinoma (Figures 6b and c, Supplementary Table S2 ).
These results suggest that H. pylori infection could promote the development of cells with mesenchymal and stem cell features and properties in vivo, which could further initiate gastric CSC and gastric carcinoma development.
DISCUSSION
In this study, we show that H. pylori generates CD44 high cells that display properties reminiscent of those of CSC, through an EMT-like process. Indeed, when cells are infected with H. pylori, mesenchymal markers increase significantly, whereas epithelial markers are downregulated. In this study, we used gastric epithelial cell lines with a basal tumorigenic potential, AGS, MKN-45 and MKN-74, to study their tumorigenic properties in response to H. pylori infection. In order to work with cells able to form tumorspheres, Mani et al. 8 used a cell immortalization procedure using oncogenes Ras to make them tumorigenic. Another limit is that primary gastric epithelial cells cannot be easily isolated and cultured, nor can they be amplified in vitro. As it has been recently shown that H. pylori induces an EMT-like process, 25, 26 our main goal was to determine whether H. pylori was implicated in CSC emergence by an EMT. The cdh1 gene encoding E-cadherin is mutated in AGS cells, and they do not express a functional E-cadherin protein. As a consequence, AGS can be naturally predisposed to encompass the EMT. Interestingly we showed that H. pylori-infected AGS cells, and to a lesser extent MKN-45 and MKN-74 cells, are heterogeneous and composed of (1) cells that preserve a polygonal shaped phenotype similar to uninfected cells and (2) cells affected by the EMT-like process and harboring the 'hummingbird' phenotype. We showed that H. pylori infection induced a strong upregulation of the mesenchymal markers Snail1, ZEB1 and Vimentin, associated with a repression of the expression of epithelial markers other than E-cadherin, including Cytokeratin 7 and Osteopontin, as previously reported. 25, 26 These results confirm that H. pylori infection can affect the level of epithelial differentiation. These phenotypic and molecular changes were not observed when cells were infected with H. pylori cagA-or cagE-deleted mutants, hence they are due to CagA. CagA is already recognized as being responsible for the acquisition of the 'hummingbird' phenotype. 27 In this study, we confirmed that cagA-and cagE-deleted strains did not induce an upregulation of mesenchymal markers. It is also interesting to note that the cells, having acquired the most elongated phenotype, corresponding to the 'hummingbird' phenotype mimicking the EMT presented more mesenchymal markers than the other cells, confirming that 'hummingbird' cells represent cells that have experienced an EMT. Moreover, the 'hummingbird' cells had a very high CD44 expression as shown by immunofluorescence staining (Figure 1 ). In addition, cells infected with WT H. pylori showed higher migration properties and were far more potent in generating tumorspheres than those infected with H. pylori cagA-or cagE-deleted strains. In addition, the CagA protein was detected at higher levels in 'hummingbird' cells induced by cagA-positive H. pylori infection of AGS cells in vitro. These results suggest that cells are heterogeneous, and that all cells do not respond in the same way to the infection and particularly to CagA. The role of CagA was confirmed by transient transfection with a CagA encoding vector in AGS cells, which was sufficient to generate cells undergoing the 'hummingbird' phenotype while overexpressing mesenchymal markers and CD44. ERK, JNK and to a lesser extent NF-kB are involved in CagA-induced EMT-like changes and induction of CD44 high cells with tumorigenic properties, as their inhibition reduced the effects observed in response to cagA-positive 18 Our results indicate that the CD44 high subpopulation of cells induced by infection with CagA-positive H. pylori strains share similar properties with CSC in terms of phenotype and ability to migrate, to invade and to form tumorspheres in vitro and larger tumors in vivo in comparison with their CD44 low counterpart. This is a very important finding as H. pylori is considered as the major risk factor to develop a gastric carcinoma. In this study, we report for the first time that H. pylori, and more precisely CagA, is responsible for the emergence of cells with CSC properties.
EMT cannot be observed in vivo as in an in vitro model, but we confirmed that CD44 and the mesenchymal markers ZEB1 and Snail are overexpressed in epithelial cells of the gastric mucosa of H. pylori-infected patients. These overexpressions were detected in the upper part of the gastric mucosa that H. pylori colonizes, and particularly the isthmus region where local epithelial stem cells reside. The appearance of epithelial cells that overexpress CD44 and mesenchymal markers in chronic H. pylori infection as compared with normal healthy gastric mucosa suggests that these cells could correspond to an extension of the stem cell compartment leading to an incomplete and/or altered differentiation status. These markers were also detected in H. pylori-induced gastric dysplasia in experimentally infected mice, suggesting that the relationship observed in vitro also exists in vivo between chronic H. pylori infection and the emergence of cells expressing CD44 and mesenchymal markers. CD44 high cells and mesenchymal markers were also observed in carcinoma cells in human gastric adenocarcinoma, suggesting that gastric dysplasia and carcinoma could originate from these CD44 high cells. Indeed, the expansion of these cells, which may be naturally present in the gastric mucosa and associated with the acquisition of mesenchymal features in the context of a chronic infection and inflammation induced by CagA-positive H. pylori strains, could predispose them to transform and to generate CSCs. Further work is necessary to determine whether the detection of CD44 high positive cells can be correlated to gastric disease progression in H. pylori-infected patients. In conclusion, we report for the first time, that infection with an H. pylori cagA-positive strain induces EMT-like changes and the emergence of CD44 high cells with CSC properties. This effect was linked to CagA. Our results, combined with those of others, allow a better understanding of the cellular mechanisms involved in response to the oncogenic properties of CagA during H. pylori infection.
MATERIALS AND METHODS
Epithelial cell culture
Adenocarcinoma gastric epithelial cell lines AGS, MKN-45 and MKN-74 were cultured in DMEM/F12 Glutamax or RPMI1640 Glutamax media, respectively, with 10% fetal bovine serum and 50 mg/ml vancomycin (all from Invitrogen, Cergy-Pontoise, France), as previously described. 30 Bacterial culture H. pylori 7.13 WT and knock-out strains (DcagA and DcagE) were obtained from R. Peek (Vanderbilt University, Nashville, TN, USA). 31 Culture of H. pylori strains and coculture experiments were performed as previously described. 24, 30, 32 Cocultures were performed at a MOI of 50 (unless otherwise specified) for 24 h at 37 1C in a humidified 5% CO 2 atmosphere before analysis.
Flow cytometry analysis
Cells were recovered and 100 000 cells per condition were stained with anti-CD44-APC and anti-CD24-PE antibodies (1:25 each, BD Pharmingen, San Jose, CA, USA) in PBS, 0.5% bovine serum albumin, 2 mM EDTA solution. Flow cytometry was performed using a FACScan instrument and DIVA software (both from Becton Dickinson, Le Pont de Claix, France). Results were based on the analysis of 10 000 cells.
For cell sorting, cells were triple stained for CD44, CD24 (positive control) and DAPI (to exclude positive dead cells), and sorted according to their CD44 expression level on a FACSAria (Becton Dickinson).
Migration and invasion assays
Cells were recovered and 50 000 cells per condition were placed in the upper side of a 8-mm pore size Transwell insert in 24-well culture plates with medium containing 5% fetal bovine serum. For invasion assays, inserts were prealably coated with 0.05 mg/ml rat type I collagen (BD Biosciences, Le Pont de Claix, France) for 40 min at 37 1C. After 18 h of incubation at 37 1C, the Transwell inserts were fixed in cold methanol and processed for hematoxylin staining, as described previously. 32 Cells having migrated through the lower side of the inserts were counted on five different randomly chosen fields per insert under light microscopy using a Â 20 objective.
Spheroid colony formation
Cells were recovered and 500 cells were plated on non-adherent 96-well culture plates (coated with a 10% polyHEMA (Sigma, Saint-Quentin Fallavier, France) solution in absolute ethanol and dried overnight at 56 1C). After plating, cells were incubated for 5 days at 37 1C in a serum-free medium consisting of DMEM-F12 Glutamax supplemented with 20 ng/ml of EGF, 10 ng/ml of basic-FGF, 1:100 N 2 -supplement 100x, 0.3% glucose, 5 mg/ml of gentamicin, 50 IU/ml of penicillin and 2.5 mg/ml of amphotericin B (all from Invitrogen and Sigma). The number of spheroids per well was counted under light microscopy using a Â 20 objective.
Transfection
Cells were transfected with plasmids using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. The pSP65SRa plasmid containing the cagA gene of H. pylori strain NCTC11637 fused to a HA tag was used for transient expression of CagA. 33 The pSP65SRa empty plasmid and the pEGFP plasmid encoding the GFP (Clontech, provided by V. Moreau, INSERM U889, Bordeaux, France) were used as negative or positive controls of transfection, respectively.
Pharmacological inhibitors and siRNA transfection
For signaling pathway targeting, selective inhibitors of ERK MAPK (PD98059, 50 mM and U0126, 25 mM; Invivogen, Toulouse, France), p38 MAPK (SB203580 40 mM, provided by E. Génot, INSERM U889, Bordeaux, France,) and JNK (SP600125 25 mM, provided by E. Chevet, INSERM U889, Bordeaux, France,) were added to AGS cells 1 h before infection. Transfection of siRNA and western blotting experiments were performed as described previously 30 and included in the Supplementary Materials and methods.
Human and mouse gastric tissues Gastric tissue samples from consenting patients (male and female, aged 68-85-year old) undergoing gastrectomy for distant non-cardia gastric adenocarcinoma were included in the study, in agreement with the tumor bank of the Bordeaux University Hospital Center (France). Tumors (intestinal-type adenocarcinoma according to Lauren's classification criteria, moderately differentiated and invading (T3, TNM7 staging criteria) or perforating subserosa and invading adjacent structures (T4b), with lymph node invasion (N1 to N3b)) and healthy gastric mucosa distant from the tumor site, and presenting a normal histology or a gastritis associated to a positive H. pylori detection were studied.
The stomachs of C57BL/6 mice experimentally infected with H. pylori SS1 strain for 12 months as previously described, 24 were studied. See Supplementary Materials and methods for RNA extraction and quantitative RT-PCR, H. pylori detection on human gastric tissues, siRNA transfection, western blotting, use of pharmacological inhibitors, immunohistochemistry and immunofluorescence procedures and antibodies and statistical analyses.
